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ABSTRACT
Although the physical origin of gamma-ray burst (GRB) prompt emission is still controversial,
synchrotron radiation from accelerated electrons is a promising mechanism. It is believed that electrons
are accelerated continuously by ultra-relativistic shocks or magnetic reconnections. At the same
time, these electrons will be cooled via several processes (mainly adiabatic expansion, synchrotron
radiation and inverse Compton scattering (ICS)), which regulate the distribution of electrons. An
extra high-energy spectrum component is expected to be induced by ICS. However, the gamma-
gamma annihilation effect may eliminate the high-energy photons and prevent the observers from
distinguishing the extra component. We perform numerical calculations by taking these effects into
account and discuss whether the extra ICS component could be observed. By exploring the plausible
parameter space for relevant quantities of the GRB ejecta, we present the electron distributions and
the corresponding spectra of synchrotron radiation and ICS. It is found that the extra component is
observable only for ejecta with a rather large bulk Lorentz factor. A large Lorentz factor means the
adiabatic expansion is the leading process in the electron cooling procedure, which makes the low-
energy electron distribution spectrum to be relatively hard. Therefore the ICS component is more
likely to be detected for GRBs that have a hard low-energy photon spectrum.
Subject headings: gamma-ray burst: general — radiation mechanisms: non-thermal — relativistic
processes — methods: numerical
1. INTRODUCTION
The physical origin of the prompt emission of gamma-
ray bursts (GRBs) still remains intriguing. The emis-
sion process could be synchrotron radiation (Meszaros
et al. 1994; Meszaros & Rees 1994; Medvedev 2000),
synchrotron self-Compton (SSC) emission (Panaitescu &
Me´sza´ros 2000; Derishev et al. 2001; Kumar & McMahon
2008; Daigne et al. 2011; Barniol Duran et al. 2012), or
photospheric thermal radiation affected by Comptoniza-
tion (Thompson 1994; Lazzati & Begelman 2009; Be-
loborodov 2010). The characteristics of GRB prompt
spectra provide certain clues on their origins, and is cru-
cial to solving this fundamental and pressing problem.
A typical prompt GRB spectrum can be well fit with an
expression known as the “Band-function” (Band et al.
1993) in which the photon flux follows a smoothly-joined
broken power law, while recent systematic analyses show
that two extra components exist in several GRBs (Zhang
et al. 2011): a quasi-thermal component (Ryde et al.
2010; Guiriec et al. 2011; Axelsson et al. 2012; Guiriec et
al. 2013), and a non-thermal component that can be fit
as a power law extending to high energies (Gonza´lez et
al. 2003; Abdo et al. 2009a; Ryde et al. 2010; Ackermann
et al. 2010, 2011). Although we have phenomenological
expressions to describe the GRB spectra, the nature of
the prompt radiation hasn’t been identified firmly yet.
Among various mechanisms, synchrotron radiation
of electrons accelerated in relativistic shocks has been
suggested as a leading candidate radiation mechanism
(Meszaros et al. 1994; Daigne & Mochkovitch 1998),
since there could be sufficient energized electrons and
the magnetic field in the emission region could be very
strong. However, a simple synchrotron mechanism in
the so-called “fast-cooling” regime predicts a low-energy
spectrum as Fν ∝ ν−1/2 (Ghisellini et al. 2000), which is
incompatible with the observations of Fν ∝ ν0 in many
GRBs (Band et al. 1993; Preece et al. 2000; Nava et al.
2011; Geng & 2013). Several synchrotron mechanisms
in detailed scenarios have been put forward to reconcile
such a conflict. For example, the anisotropic pitch angle
distribution could produce a harder spectrum (Medvedev
2000; Lloyd & Petrosian 2000). Derishev et al. (2001)
suggested that electrons can cool via inverse Compton
scattering (ISC), which has been further developed by a
few other authors (Bosˇnjak et al. 2009; Nakar et al. 2009;
Barniol Duran et al. 2012; Daigne et al. 2011). Moreover,
Uhm & Zhang (2014) found that the spatial decreasing
of magnetic field strength in the jet hardens the prompt
spectra, due to the fact that electrons injected in earlier
time cool slower than that in the constant magnetic field
case. The recent numerical calculations by Geng et al.
(2018) incorporated the adiabatic, synchrotron and ICS
cooling mechanisms in spatially-decaying magnetic fields
coherently. They found that both the adiabatic/ICS
cooling processes and the decaying magnetic fields can
result in harder low-energy electron spectra. Meanwhile,
some recent studies (Oganesyan et al. 2017; Ravasio et
al. 2018; Oganesyan et al. 2018; Burgess et al. 2018) sup-
port the idea that some observed GRB prompt spectra
originate from synchrotron radiation.
An extra component in addition to the Band compo-
nent extended to high-energy has been detected in several
GRBs (Abdo et al. 2009a; Ackermann et al. 2011, 2010).
It has been argued that these high-energy photons arise
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2from ICS of the background Band component by rela-
tivistic electrons in the jet (Meszaros et al. 1994). Nakar
et al. (2009) presents an overall analytic approximate
expression for the synchrotron-SSC spectra in the Klein-
Nishina (KN) regime. Several authors have investigated
the electron distributions and prompt spectra altered by
SSC in the constant B′ case (Bosˇnjak et al. 2009; Daigne
et al. 2011; Barniol Duran et al. 2012) and the decay-
ing magnetic field case (Geng et al. 2018). However, the
extra component induced by SSC is not included when
calculating the prompt spectra. On one hand, photons
will gain a lot of energy during the SSC process. On the
other hand, two high-energy photons will convert to elec-
tron/positron pairs via the gamma-gamma annihilation
(Gould & Schre´der 1967; Bosˇnjak et al. 2009). It will
attenuate the intensity of high-energy SSC spectra and
may prevent us from detecting them. In this paper, the
effect is studied in detail. Several numerical calculations
on the electron cooling process and prompt spectra are
displayed. We take the adiabatic expansion, synchrotron
radiation and inverse Compton scattering cooling pro-
cesses into consideration, and assume the magnetic fields
around the central engine are spatially dependent. The
calculations are carried out in plausible parameter space
restricted by observations. In our calculations, all seed
photons are assumed to be produced by synchrotron radi-
ation from shock accelerated electrons, therefore the term
“synchrotron self-Compton” shares the same meaning
with “inverse Compton scattering” in this paper unless
declared explicitly. We focus on the issue that whether
the SSC component can be distinguished as an extra
component in the observed spectra.
The structure of this paper is as follows. In Section 2,
a detailed description of electron cooling process is given.
In Section 3, we present our numerical results of electron
distribution and photon spectrum in plausible parameter
space, and discuss whether the SSC components could be
discerned in the spectra. We summarize our work and
discuss the results in Section 4.
2. ELECTRON COOLING AND RADIATION
Accelerated electrons in a relativistic jet will lose their
energy mainly via three kinds of mechanisms (Bosˇnjak et
al. 2009): synchrotron emissions, SSC process and adia-
batic cooling. Thus, the total cooling rate for electrons
reads as
γ˙′e = γ˙
′
e,syn + γ˙
′
e,SSC + γ˙
′
e,adi, (1)
where γ′e is the Lorentz factor of the electron and γ˙
′
e
is its time derivative. The prime (′) is used to denote
the quantities measured in the co-moving frame of the
shocked fluid unless declared explicitly in this paper. The
cooling rates due to each single mechanism is represented
by γ˙′e,syn, γ˙
′
e,SSC and γ˙
′
e,adi, respectively. For an electron
moving in the magnetic field with a strength of B′, and
the emission site at R from the central engine, the cooling
rate of each mechanism can be expressed as (Blumenthal
& Gould 1970; Jones 1968; Fan et al. 2008; Uhm et al.
2012; Geng et al. 2018)
γ˙′e,syn = −
σTB
′2γ′e
2
6pimec
, (2)
γ˙′e,adi = −
2
3
γ′e
R
dR
dt′
, (3)
γ˙′e,SSC =−
1
mec2
3σTc
4γ′e
2
∫ ν′max
ν′min
n′(ν′)dν′
ν′
×
∫ ν′ic,max
ν′ic,min
hν′icdν
′
icF (q, g), (4)
where σT is the Thomson cross-section, c is the light
speed, me is the electron mass, n
′(ν′) is the seed pho-
ton number density, F (q, g) = 2q ln q + (1 + 2q)(1− q) +
(4qg)2
2(1+4qg) (1− q), g = γ
′
ehν
′
mec2
, w =
hν′ic
γ′emec2
, and q = w4g(1−w) .
The lower and upper limit of the second integration vari-
able ν′ic is ν
′
ic,min = ν
′ and ν′ic,max =
γ′emec
2
h
4g
4g+1 , re-
spectively. For simplicity, the secondary ICS is omitted
in our consideration. Considering the geometry of the
magnetic field in GRB outflows, B′ will not remain a
constant at different distances from the central engine.
It has been argued that the transverse (toroidal) compo-
nent of the magnetic field decays as B′t ∝ r−1 while the
radial (poloidal) magnetic field component decreases as
B′r ∝ r−2 (Spruit et al. 2001; Uhm & Zhang 2014). Here
we assume that the effective B′ evolves with the shell ex-
panding as a power-law form, i.e., B′(r) = B′0(r/r0)
−s.
We adopt s = 1 throughout this paper, since the toroidal
component may play a more significant role.
The continuity equation of electrons in the energy
space is written as
∂
∂t′
(
dN ′e
dγ′e
)
+
∂
∂γ′e
[
γ˙′e,tot
(
dN ′e
dγ′e
)]
= Q′(γ′e, t
′). (5)
Here dN ′e/dγ
′
e and Q
′(γ′e, t
′) are the instantaneous spec-
trum and the source function of accelerated electrons,
respectively. These electrons are injected into the emis-
sion region at a rate of N ′inj =
∫∞
γ′e,m
Q′(γ′e, t
′)dγ′e. We ne-
glect the details of particular electron acceleration mech-
anisms (e.g., shocks due to internal collisions (Kumar
& Piran 2000) or magnetic dissipation events (Zhang &
Yan 2011; Kumar & Narayan 2009; Narayan & Kumar
2009)) to make the result more generic, and consider a
power-law distribution with a slope p, i.e., Q′(γ′e, t
′) =
Q′0(t
′)(γ′e/γ
′
e,m)
−p for γ′e > γe,m. Unless declared explic-
itly, p = 2.8 is chosen in our calculations.
The synchrotron radiation power at frequency ν′ in the
co-moving frame is given by
P ′syn(ν
′) =
√
3q3eB
′
mec2
∫ γ′e,max
γ′e,min
(
dN ′e
dγ′e
)
F
(
ν′
ν′c
)
dγ′e. (6)
Here the characteristic frequency νc =
3qeB
′γ′e
2
/(4pimec), F (x) = x
∫ +∞
x
K5/3(k)dk, where
K5/3(k) is the modified Bessel function of 5/3 order.
Then the SSC seed photon number density n′ can be
written as (Fan et al. 2008)
n′(ν′) ' 1
4piR2
1
chν′
P ′syn(ν
′). (7)
By integrating over all seed photons and electrons, the
SSC power at frequency ν′ is written as (Blumenthal &
3Gould 1970; Fan et al. 2008)
P ′SSC(ν
′
ic) =
3σTchν
′
ic
4
∫ ν′max
ν′min
n′(ν′)dν′
ν′
×
∫ γ′e,max
γ′e,min
F (q, g)
γ′e
2
dN ′e(γ
′
e)
dγ′e
dγ′e. (8)
The gamma-gamma annihilation effects will attenuate
the intensity of synchrotron and SSC components by
P ′γγ(ν
′) =
T ′
4piR2
P ′(ν′)
∫ ν′max
ν′min
σγγ(ν
′, ν˜′)P ′(ν˜′)
hν˜′
dν˜′, (9)
where T ′ ≈ ∆′/c is the time that photons travel through
the ejecta, and ∆′ ≈ R/Γ is the ejecta width in the co-
moving frame. The cross section of gamma-gamma anni-
hilation is expressed as (Gould & Schre´der 1967; Bosˇnjak
et al. 2009)
σγγ(ν
′, ν˜′)
pir20/2
=
(
1 + y2
1− y2 − y
2 − ln 1 + y
1− y + 4 ln
2
1− y
)
ln
1 + y
1− y
− 4y
1− y2 + 2y −
∫ (1+y)/(1−y)
1
ln(1 + x) dx
x
, (10)
where
y =
√
hν′hν˜′ − (mec2)2
hν′hν˜′
, (11)
and r0 = q
2
e/mec
2 is the classical electron radius.
With the competition of these mechanisms, the total
radiation power is
P ′(ν′) = P ′syn(ν
′) + P ′SSC(ν
′)− P ′γγ(ν′). (12)
This equation is solved iteratively in our study. The
observed spectral flux is then
F (νobs) =
(1 + z)ΓP ′(ν′(νobs))
4piD2L
, (13)
where Γ is the bulk Lorentz factor of the ejecta, and
β =
√
1− 1/Γ2. Here ν′(νobs) = (1+z)Γ(1−β cos θ)νobs
is the corresponding photon frequency in the co-moving
coordination, DL is the luminosity distance at the cosmo-
logical redshift z (z = 1 is adopted in our calculations),
and θ is the observation angle. We assume that the emis-
sion region is at R0 = 10
15 cm. This epoch is denoted as
Tobs = 0.
Since the peak frequency and flux of GRB spectra are
determined by the synchrotron mechanism, they could
be estimated as
νpeak =
1
1 + z
Γγ′e,a
3qeB
′
4pimec
, (14)
and
Fν(νpeak) = Ne
1 + z
4piD2L
√
3Γq3eB
′
mec2
, (15)
respectively. Here γ′e,a is the average electron Lorentz
factor, and Ne is the number of relativistic electrons at
about γ′e,a in the source. γ
′
e,a could be approximated as
γ′e,m in the very beginning of the injection.
The upper and lower integration limits of the electron
Lorentz factor, γ′e,min and γ
′
e,max, are set as 10
1 and 107
in our calculations, respectively. The essential task in our
calculations is to solve Equation (5). This work follows
the numerical procedures of Geng et al. (2018), where
constrained interpolation profile (CIP) method (Yabe &
Aoki 1991; Yabe et al. 2001) is utilized to solve the equa-
tion effectively and accurately. For more details of the
numerical methods, please see Yabe et al. (2001) and
Appendix A of Geng et al. (2018).
3. PARAMETERS AND RESULTS
The parameter space of Γ, B′0, γm, and N
′
inj for GRB
prompt radiation can be constrained from observations
(Kumar & McMahon 2008; Beniamini & Piran 2013,
2014; Geng et al. 2018). We adopt typical values of
GRB peak energy and flux, Epeak ' 500 keV and
Fpeak ' 1 mJy, then these four parameters are no longer
totally independent (see Equations (14) and (15)). There
are two representative scenarios for the outflow ejecta
(Piran 2004; Kumar & Zhang 2015), the internal shock
(Rees & Meszaros 1994; Daigne & Mochkovitch 1998;
Panaitescu et al. 1999), and the Poynting flux-dominated
jet (Meszaros et al. 1994; Drenkhahn & Spruit 2002;
Lyutikov & Blandford 2004; Zhang & Yan 2011). In
the Poynting-flux dominated jet scenario, the isotropic
equivalent magnetic luminosity, LB ' B′28pi 4piR2cΓ2, is
assumed to be larger than the kinetic power of injected
electrons, Le ' N ′injmec2γ′mΓ2 (Geng et al. 2018). In the
internal shock model, the kinetic energy power carried
by protons is dominated in the outflow. We denote the
average number of protons per electron is denoted by ηp,
and the proton kinetic energy power could be derived as
Lp ' ηpN ′injmec2Γ2. The parameter space hinted from
observations for the two scenarios are different (see Sec-
tions 3 and 4 of Geng et al. (2018) for details). Here
we explore the plausible parameter space, and exhibited
some representative results for both scenarios. The pa-
rameters used in our calculations are presented in Table
1. Each parameter group has its unique code name in
the form of “XX-ΓY”, where Γ denotes the bulk Lorentz
factor of the jet, Y is an identifier distinguishing different
subgroups, and “XX” could be “PD” or “IS”, standing
for “Poynting-flux dominated” and “internal shock” sce-
narios, respectively. In Figures 1 to 7, our numerical re-
sults of the electron distributions and photon spectra up
to Tobs = 0.5 s for these parameter groups are displayed.
For the scenario of Poynting-flux dominated jet, we
calculate two cases, PD-390A and PD-1000A. From the
results of PD-390A (Figure 1), it is noticed that the
electron spectra index below the injection Lorentz fac-
tor, γ′e,m, is approximately 2. The electron distribution
in PD-1000A (Figure 2) is more complicated compared
to PD-390A. The low-energy electron spectrum index is
significantly less than 2, and even could be basically less
than 1 at the spectrum end (Figure 2). The electron spec-
trum in PD-390A is very close to a fast-cooling distribu-
tion, in which the synchrotron cooling overwhelms other
two kinds of processes and B′ remains constant (Ghis-
ellini et al. 2000; Derishev 2007). However, in our cal-
culations electrons are cooling at a decreasing rate with
the expanding of the shell, since the cooling rate scales
as γ˙′e,syn ∝ B′2 ∝ R−2 and γ˙′e,adi ∝ R−1 (Geng et al.
2018), which can be derived from Equations (2) and (3).
4Under such conditions, as proposed by Uhm & Zhang
(2014), the low-energy electron spectrum is harder than
that in the standard fast-cooling regime. Meanwhile, the
ratio between adiabatic and synchrotron cooling rates
can be estimated as γ′e,syn/γ
′
e,adi ∼ 6.5 R20,15(R0,15 +
2
1+zΓ
2
3Tobs,−1)
−1B′22 Γ
−1
3 γ
′
e,4 according to Equations (2)
and (3). We adopt the convention Qx = Q/10
x in cgs
units hereafter. At the epoch Tobs = 0.1 s, the adi-
abatic expansion is the major cooling process for elec-
trons with γ′e less than about 500. Therefore in the case
of PD-1000, the low-energy electron spectrum are not
only hardened by the decreasing synchrotron cooling rate
(Uhm & Zhang 2014), but also by the adiabatic cooling
itself. A hard electron spectrum could then be expected
for PD-1000. The scenario in case PD-390A, however, is
different. Because B′ is large for PD-390A, the magnetic
field is so strong that the electron synchrotron cooling
timescale, which scales as t′syn ∝ B′−2, is very short.
Meanwhile Γ is relatively small for PD-390A, the incre-
ment of the radius and the corresponding decrement of
the electron cooling rate is negligible on the electron cool-
ing timescale, and naturally, a nearly fast-cooling elec-
tron spectrum is expected. It can be clearly seen that
the observed flux plummets at a cut-off energy Ecut of
∼ 109 eV and ∼ 1011 eV for PD-390A and PD-1000A,
respectively. Above these frequencies, almost no pho-
tons could survive to be observed. For both PD-390A
and PD-1000A, the SSC flux does not exceed the syn-
chrotron flux at Ecut. As exhibited in Figures 1 and 2,
the SSC component is completely erased out in the ob-
served spectra and only synchrotron components can be
observed.
Our calculations for the internal shock scenario are cat-
egorized into three subgroups according to different γ′e,m.
In the SSC dominated cooling systems, there is a small
warp just above the low energy end of the electron dis-
tribution (Geng et al. 2018). Such phenomena can be
seen in the cases of IS-360B and IS-500B (see Figures 3
and 4). The electron spectrum index below γ′e,m is ap-
proximate a constant except for the warp in the tail for
IS-360B and IS-500B. The hardening of the low-energy
electron spectra originates from not only the decaying
magnetic fields Uhm & Zhang (2014) but also the SSC
effects (Derishev et al. 2001; Nakar et al. 2009; Barniol
Duran et al. 2012; Geng et al. 2018). Almost all photons
are annihilated in the frequency range where the SSC
flux exceeds synchrotron for IS-360B and IS-500B. Thus
we could not expect an extra component to be discerned.
In the case of IS-500C (Figure 5), synchrotron radiation
is still the main cooling mechanism, since the magnetic
fields are quite strong. Electrons are also in the fast-
cooling regime in PD-390A, although the shell expands
rather fast and the adiabatic cooling becomes compara-
ble to the synchrotron process for low-energy electrons
like PD-1000A. The SSC component seems not likely to
be recognized (Figure 5), either. For the rest two cases,
IS-2500C and IS-4000D, electrons are cooling down pri-
marily via the adiabatic process, hence the electron spec-
trum index below γ′e,m is very hard, and could be even
less than 0. The cut-off energy Ecut is larger than the en-
ergy where SSC flux exceeds the synchrotron component.
A secondary peak emerges at about 1012 ∼ 1013 eV as
shown in Figures 6 and 7, respectively. Therefore, the
high-energy SSC component is likely to be observed for
both IS-2500C and IS-4000D.
Now we present an analysis on the electron distribution
and the observed spectrum below Ecut. If electrons are
distributed as a power-law function, e.g., dN/dγ′e ∝ γ′−αe ,
then the synchrotron radiation from them is also approx-
imately a power-law function, e.g., νFν ∝ ν−β , where
β = (α − 1)/2 − 1 is a valid approximation as long as
α > 1 (Blumenthal & Gould 1970). For PD-390A and
IS-500C which are in the fast-cooling regime (Figures 1
and 5), the electron spectrum index above γ′e,m is about
p+1, corresponding to a photon spectrum of β = p/2−1
above Epeak. In other cases, the electron above γ
′
e,m de-
viates from the power-law distribution more or less. The
β value above Epeak is no longer a constant, but varies
slightly around p/2− 1. The β value for very low-energy
photons is derived as −4/3 (Blumenthal & Gould 1970).
How β increases from −4/3 to about p/2 − 1 with the
growth of photon energy is determined by the low-energy
electron distribution. In the fast cooling regime, the β
value has a platform at −1/2, since the low-energy elec-
tron spectrum index is derived as α = 2. In the fast-
cooling like cases of PD-390A and IS-500C (Figures 1
and 5), the electron spectrum indices are somewhat less
than 2, especially at the low-energy end. Hence β below
Epeak is slightly less than −1/2. For IS-360B and IS-
500B (Figures 3 and 4), the approximation α ' 1.4 can
be applied for low-energy electrons, therefore a moderate
slope at about β ' −0.8 can be recognized. In the rest
three cases, PD-1000A, IS-2500C and IS-4000D (Figures
2, 6 and 7), the bulk Lorentz factor Γ is so large that the
adiabatic cooling makes the electron spectrum deviat-
ing from a common power-law distribution significantly.
The corresponding low-energy photon spectra are rela-
tively hard due to the hard low-energy electron spectra.
Since the SSC components are not eliminated due to a
large Γ under our calculations, they are more likely to be
recognized in GRBs with a hard low-energy spectrum.
In our calculations, the observed spectra are gener-
ally calculated for Tobs = 0.1 s. In reality, the observed
GRB spectra usually evolve with time. It is thus nec-
essary to see how our theoretical spectra evolve during
the burst. Here let us discuss the spectrum evolution
for three parameter groups, IS-360B, PD-1000A and IS-
4000D, which has a relatively low, middle and high bulk
Γ, respectively. For these three scenarios, we have calcu-
lated both the electron distribution and the correspond-
ing observed spectra at Tobs = 0.01 s, 0.1 s, 0.5 s and 2 s.
The results are shown in Figures 8, 9 and 10.
Figures 8 shows the spectrum evolution for IS-360B.
In this case, since the Lorentz factor is not too large, we
see that the general form and the basic characters of the
spectra do not change with time significantly. However,
a large bulk Γ factor usually means a rapid evolution of
the electron spectrum. In the cases of PD-1000A (Figure
9) and IS-4000D (Figure 10), when the Lorentz factor is
large enough, we do can observe an obvious evolution
in the spectrum. There are two interesting points that
should be noted in these two scenarios. First, the min-
imum Lorentz factor of electrons decreases with time,
meanwhile the magnetic field strength decays as the shell
expands. These factors jointly make the peak frequency
of the synchrotron component moving toward the low fre-
5quency regime. It means that there is a hard-to-soft spec-
trum evolution. Second, we could see that the electron
distribution function is becoming wider and wider with
time. As a result, the observed spectrum also expands
to a wider and wider frequency range. Especially, the
cut-off energy at the higher energy end of the spectrum,
Ecut, increases quickly with time. In fact, for PD-1000A
and IS-4000D, Ecut at 2 s is more than one magnitude
larger than that at 0.01 s. This effect may naturally lead
to a delay of high energy (∼ 100 GeV) photons.
Electron/positron pairs can be produced via photon-
photon annihilation. They may be injected into the
emission region and produce additional emission com-
ponent. Here we give a rough estimation of this pair
production rate based on the δ-function approximation
(Boettcher & Schlickeiser 1997). Basically, photons of
energy 1 interact most efficiently with photons of en-
ergy 2 = 2/1 (Agaronyan et al. 1983), where the di-
mensionless photon is defined as i = hνi/mec
2. The
photon-photon annihilation cross section is σγγ(1, 2) ≈
1
3σT2δ
(
2 − 21
)
. In case of 1  2 and γ′e  1, the re-
sulting electron pair production rate can be estimated
as
dN˙ ′e,an(γ
′
e)
dγ′e
= 4σTc3
nph(0)nph(1/0)
0
, where nph is the
number density of photons. Assuming that the power
of the produced electron/positron pairs equals to that
of the annihilated photons, i.e.,
∫ dN˙ ′e,an(γ′e)
dγ′e
γ′emec
2dγ′e '∫ (
P ′syn(ν
′) + P ′SSC(ν
′)− P ′(ν′)) dν′, we have calculated
the differential pair production rates for the scenarios of
PD-360B and IS-4000D, which share the smallest and
largest bulk Lorentz factor in our parameter groups, re-
spectively. The results are presented in Figure 11, where
the electron injection rates for both the pair production
and the normal shock acceleration are displayed. We see
that in the higher energy range of γ′ > γ′e,m, which plays
a dominant role in emission, the pair production rate is
significantly less than electron injection rate due to nor-
mal shock acceleration. It means that γ-ray emission in
the prompt GRB phase will not be noticeably affected.
However, in the lower energy portion of γ′ < γ′e,m, a large
number of electrons are produced and injected into the
emission region. They may give birth to an extra compo-
nent in the low-energy synchrotron spectrum, especially
an X-ray bump. This effect is more obvious when the
bulk Lorentz facto is relatively small. A detailed inves-
tigation on this effect is beyond the scope of our current
study and could be conducted in the future.
4. SUMMARY AND DISCUSSIONS
Numerical calculations on electron cooling in spatially
dependent magnetic fields are performed in this paper,
taking the adiabatic expansion, synchrotron radiation
and inverse Compton scattering processes into consider-
ation. We displayed the computation results of electron
distributions and photon spectra for several typical pa-
rameter groups in plausible parameter space. It is found
that the SSC component can be discerned in the observed
spectra for parameter groups with a large Γ. The adia-
batic process is usually the dominant cooling mechanism
for a jet with a large bulk Lorentz factor (Γ > 1000),
producing very hard low-energy electron spectra with the
spectrum index that could be even less than 0. There-
fore the low-energy prompt spectra could be very hard
for GRBs with the SSC component detected.
The SSC spectra peak frequency can be theoretically
estimated roughly as follows. In the early stage of the
radiation, the energy of a significant fraction of radi-
ated photons are around hν′e ' E′peak = 1+z2Γ Epeak. The
SSC effect between a typical electron with γ′e ' γ′e,m
and a typical photon is in the KN limit for most of
our parameter groups, since the condition
γ′e,mE
′
peak
mec2
'
1+z
2
Epeak
500keV
γ′e,m
Γ > 1 is satisfied. The typical scattered
photon energy in the observer frame can be reckoned as
ESSC =
2Γ
1+zγ
′
emec
2 ' 5 × 1012 × 21+zγ′e,4Γ3 eV (Blu-
menthal & Gould 1970). However, during the cooling
procedure, the numbers of low-energy electrons and syn-
chrotron photons increase, and so is the numbers of high-
energy electrons and photons. The SSC process between
these low-energy electrons and photons could be in the
Thomson regime, thus the scattered photon energy could
be much less than ESSC. Besides, SSC scattered photons
with energy higher than E′peak could be produced by the
ICS process between electrons and synchrotron photons
with energy higher than typical ones. Therefore the SSC
spectra could be quite wide, as can be seen in Figures 1
to 7.
According to Equations (10) and (11), a photon with
an energy hν′ > mec2 is apt to be annihilated with
another photon. Above a particular characteristic fre-
quency, almost all photons are annihilated and a “cut-
off” in the spectra forms (Lefa et al. 2012). According to
the frequency transformation relation between observer
and co-moving frame, a large Γ indicates a higher ob-
served spectra cut-off. Meanwhile, the time that photons
travel within the ejecta is shorter for a larger Γ, so the
gamma-gamma annihilation effects are diminished fur-
ther. Thus high energy photons could survive and be
observed only for ejecta with a rather large bulk Lorentz
factor. The detection of photons with an energy of tens
GeV in a few GRBs leads to the suggestion that Γ & 600
(Abdo et al. 2009a,b), which is also consistent with our
numerical calculations.
High energy photons (up to several hundred GeV) have
been observed from some GRBs, such as from GRBs
090902B (Abdo et al. 2009a), 090926A (Ackermann et
al. 2011), and 130427A (Ackermann et al. 2014). A gen-
eral feature of such a high energy component is that it
usually appears slightly later than the GRB trigger time.
For the above three GRBs, the photon energy can be up
to tens of GeV and the arrival time of the first GeV pho-
ton is delayed by ∼ 3 – 9 s with respect the GRB trigger.
In another more interesting case of GRB 090510 (Ack-
ermann et al. 2010) the observed highest photon energy
is about 30 GeV, and the first GeV photon is delayed
by ∼ 0.7 s. It is interesting to note that such a high
energy delay can be naturally explained by the inverse
Compton scattering process when the bulk Lorentz fac-
tor is large enough. For example, in our scenario of PD-
1000A (Figure 8), the cut-off energy increases quickly
over time. As a result, photons up to ∼ 100 GeV will
be observed 0.5 – 2 s after the trigger time. This is
roughly consistent with the observed high energy delay
in GRBs 090902B, 090926A and 130427A. For an even
larger bulk Lorentz factor, such as our case of IS-4000D
6(Figure 10), the photons can be up-scattered to even 10
TeV, and again they are expected to be delayed by 0.1
– 0.5 s. It should also be noted that in GRBs 090902B
and 090926A, some high-energy (& 1 GeV) photons were
detected even ∼ 100 s after the trigger time. At such a
late stage, these GeV photons obviously could not come
from the prompt Compton scattering process discussed
in this study. They may have a different origin, e.g., be-
ing produced by external shocks (i.e. of afterglow origin)
or from the proton synchrotron emission (Razzaque et
al. 2010). On such a long timescale, the evolution of the
jet bulk Lorentz factor should also be taken into consid-
eration (Toma et al. 2011).
In our calculations, we suggest that all seed photons
come from the synchrotron emission from accelerated
electrons. However, various external radiation fields
(Yan et al. 2016) and photospheric thermal emission
(Thompson 1994; Lazzati et al. 2000; Broderick 2005)
could also act as the ICS seed photons. The Compton
upscattering of these photons may result in several addi-
tional components superposed on the observed spectra.
Positrons will emerge in high energy astrophysics phe-
nomena and participate in reactions via pair annihilation
and production (Gould & Schre´der 1967). Several au-
thors argued that the electron/positron pair annihilation
phenomenon may cause a small peak in the spectrum at
around ∼ Γmec2/(1 + z) in the observer coordinate sys-
tem (Pe’er & Waxman 2004; Pe’er et al. 2006). We did
not include this process in our consideration and omit-
ted the extra components produced by such mechanisms
(Svensson 1982; Pe’er & Waxman 2005). The mutual
interactions between electrons and other kinds of parti-
cles (e.g., protons, muons) in the plasma jet (e.g., Bethe-
Heitler process; see (Bethe & Maximon 1954; Crumley
& Kumar 2013)) is also ignored. Although the poten-
tial components from other kinds of particles are consid-
ered to be trivial (Totani 1998; Bo¨ttcher & Dermer 1998;
Asano & Inoue 2007) so that we neglected them in our
calculations, a calculation that takes the multiple particle
sources and radiation into consideration (Pe’er & Wax-
man 2005) may provide a more self-consistent conclusion.
Besides, when the observer is off-axis, the equal arrival
time surface (EATS) effect (Waxman 1997; Panaitescu
& Me´sza´ros 1998; Huang et al. 2000a,b) should be taken
into consideration. Further works are needed to improve
the results of our current study.
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Fig. 2.— Electron distribution and photon spectra and for PD-1000A.
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Fig. 3.— Electron distribution and spectra corresponding to IS-360B.
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Fig. 4.— Electron distribution and spectra corresponding to IS-500B.
γ′e
1039
1041
1043
1045
1047
1049
d
N
′ e/
d
γ
′ e
Tobs = 0.01 s
Tobs = 0.1 s
Tobs = 0.5 s
hν (eV)
10−11
10−10
10−9
10−8
10−7
10−6
10−5
ν
F
ν
(e
rg
cm
−2
s−
1
)
νFν,syn(0.1 s)
νFν,ssc(0.1 s)
νFν,obs(0.1 s)
101 102 103 104 105 106 107
γ′e
0
1
2
3
4
α
p+ 1
100 103 106 109 1012 1015
hν (eV)
−1.0
−0.5
0.0
0.5
β
p/2− 1
−4/3
IS-500C
Fig. 5.— Electron distribution and spectra corresponding to IS-500C.
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Fig. 6.— Electron distribution and spectra corresponding to IS-2500C.
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Fig. 7.— Electron distribution and spectra corresponding to IS-4000D.
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Fig. 8.— The evolution of electron distribution and emission spectra for the case of IS-360B. The left panel shows the electron distribution
at Tobs = 0.01 s (dash-dotted line), 0.1 s (dashed line), 0.5 s (solid line) and 2 s (dotted line). The evolution of observed spectra is presented
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Fig. 9.— The evolution of electron distribution and emission spectra for the case of PD-1000A. The left panel shows the electron
distribution at Tobs = 0.01 s (dash-dotted line), 0.1 s (dashed line), 0.5 s (solid line) and 2 s (dotted line). The evolution of observed
spectra is presented in the right panel.
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Fig. 10.— The evolution of electron distribution and emission spectra for the case of IS-4000D. The left panel shows the electron
distribution at Tobs = 0.01 s (dash-dotted line), 0.1 s (dashed line), 0.5 s (solid line) and 2 s (dotted line). The evolution of observed
spectra is presented in the right panel.
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